One of the major biomarkers of oxidative stress and oxidative damage of cellular DNA is 8-oxo-7,8-dihydroguanine (8-oxoGua), which is more easily oxidized than guanine to diverse oxidative products. In this work, we have investigated further oxidative transformations of 8-oxoGua in single-and double-stranded oligonucleotides to the dehydroguanidinohydantoin, oxaluric acid, and diastereomeric spiroiminodihydantoin lesions. The relative distributions of these end products were explored by a combined kinetic laser spectroscopy and mass spectrometry approach and are shown to depend markedly on the presence of superoxide radical anions. The 8-oxaGua radicals were produced by oneelectron oxidation of 8-oxoGua by 2-aminopurine radicals generated by the two-photon ionization of 2-aminopurine residues site specifically positioned 
M
DNA molecules in vivo are under continuous attack by free radicals, oxidizing species, ionizing radiation, and other nucleic acid damaging agents (1) . A widely studied and ubiquitous DNA oxidation product in vivo is 8-oxo-7,8-dihydroguanine (8-oxoGua), 1 the product of two-electron oxidation of guanine residues (1, 2). The 8-oxoGua lesion is very susceptible to further oxidation (2, 3) , a process that is initiated by a one-electron oxidation of 8-oxoGua followed by a cascade of subsequent chemical reactions that lead to stable end products (4) . The initial one-electron oxidation product of the nucleoside 8-oxo-7,8-dihydro-2Ј-deoxyguanosine (8-oxodGuo), the radical cation 8-oxodGuo ⅐ ϩ , has been detected by direct spectroscopic methods in pulse radiolysis (5) and laser flash photolysis (6) experiments. In neutral aqueous solutions the radical cation (pK a ϭ 6.6) is in equilibrium with its neutral form, 8-oxodGuo(-H) ⅐ (5). The midpoint potential of the oneelectron oxidation of 8-oxodGuo at pH 7, E 7 ϭ 0.74 V versus NHE (5) is less than E 7 ϭ 1.29 V versus NHE (7) for the one-electron oxidation of 2Ј-deoxyguanosine.
In DNA, 8-oxoGua is more easily oxidizable than any of the four natural nucleobases in different sequence contexts (3) . Our own laser flash photolysis studies have shown that the spectroscopic characteristics of the 8-oxoGua ⅐ ϩ /8-oxoGua(-H) ⅐ radicals embedded in DNA (8) are very close to those of the free base radicals, 8-oxodGuo ⅐ ϩ /8-oxodGuo(-H) ⅐ (5, 6). However, direct time resolved spectroscopic techniques have not yet been employed to monitor the decay and the reactivities of 8-oxoGua ⅐ ϩ /8-oxoGua(-H) ⅐ radicals in DNA. In this work we explored the decay kinetics of 8-oxoGua ⅐ ϩ /8-oxoGua(-H) ⅐ in single-and double-stranded oligonucleotides in the presence and absence of the superoxide radical anions (O 2 . ). The superoxide radical is an important biological intermediate that is ubiquitous in living cells (9 -11) . In vivo, superoxide radicals are rapidly deactivated by superoxide dismutases that catalyze the conversion of O 2 . to the less reactive H 2 O 2 and O 2 molecules (9 -11). However, in tissues subjected to chronic infection and inflammation, the consumption of molecular oxygen is enhanced, and O 2 . radicals are overproduced (12, 13) . Therefore, bimolecular combination reactions of 8-oxoGua radicals with superoxide anions might be feasible in vivo, especially under conditions of oxidative stress. However, neither the rates of such reactions nor the nature of the oxidation products formed has so far been investigated. In this work, the 8-oxoGua ⅐ ϩ /8-oxoGua(-H) ⅐ radicals were generated using a laser flash photolysis method developed by 1 The abbreviations used are:
. , superoxide radical anion; 2AP, 2-aminopurine; Cu,Zn-SOD, Cu,Zn-superoxide dismutase; HPLC, high performance liquid chromatography; MALDI-TOF, matrix-assisted laser desorption/ionization with time-of-flight detection; MS, mass spectrometry; Gh ox , dehydroguanidinohydantoin; Oa, oxaluric acid; Sp, spiroiminodihydantoin; NHE, normal hydrogen electrode.
our group (8, 14) . This method involves the site-specific incorporation of a single 2-aminopurine (2AP) residue, a nucleic acid base analog, into 2Ј-deoxyribooligonucleotide strands containing a single 8-oxoGua residue at a defined site. Intense 308 nm laser pulse excitation of these oligonucleotides in either singleor double-stranded forms induces a two-photon ionization of the 2AP residues yielding 2AP radical cations (Fig. 1 ). Under these conditions of photoexcitation, neither 8-oxoGua nor the four normal DNA nucleobases are photoionized (8) . The 2AP radicals rapidly deprotonate to yield the neutral 2AP(-H) ⅐ radicals. Both the 2AP radical cations and 2AP(-H) ⅐ radicals are strong one-electron oxidants that selectively oxidize 8-oxoGua at a distance (8) . In air-equilibrated or oxygen-saturated solutions, the hydrated electrons derived from the photoionization of 2AP are rapidly and quantitatively scavenged by dissolved O 2 to generate superoxide radicals (15) . Thus, the laser flash photolysis method provides a very convenient approach for exploring the reactivities and fates of 8-oxoGua ⅐ ϩ /8-oxoGua-(-H) ⅐ radicals in DNA (Fig. 1) . In this study, the oligonucleotide 5Ј-d(CC[2AP]TC[8-oxoGua]CTACC) was employed. The electron transfer from 8-oxoGua to the 2AP radicals occurs over a bridge of two bases and is rather efficient in oligonucleotides with analogous sequence contexts (8, 16, 17) . The reactions of the 8-oxoGua ⅐ ϩ /8-oxoGua(-H) ⅐ radicals were monitored by transient absorption spectroscopy. The oxidatively modified oligonucleotides, separated and purified by HPLC analysis of the irradiated oligonucleotides, were identified by MALDI-TOF/MS analysis. The major product found was the dehydroguanidinohydantoin (Gh ox ) lesion that slowly decomposes to oxaluric acid (Oa). However, the end products of oxidation of 8-oxoGua(-H) ⅐ radicals changes dramatically from Gh ox and Oa to the diastereomeric spiroiminodihandantoin (Sp) lesions when the levels of O 2 . are reduced by the addition of superoxide dismutase during the photoreactions.
EXPERIMENTAL PROCEDURES
Materials-All chemicals (analytical grade) were used as received. Cu,Zn-superoxide dismutase (Cu,Zn-SOD) was from Roche Applied Science. The oligonucleotides were synthesized by standard automated phosphoramidite chemistry techniques. Phophoramidites and other chemicals required for oligonucleotide synthesis were obtained from Glen Research (Sterling, VA). To prevent the oxidation of 8-oxoGua residues, the tritylated oligonucleotides were deprotected overnight at 55°C in concentrated aqueous ammonia solutions containing 0.25 M mercaptoethanol. The crude oligonuclotides were purified by reversedphase HPLC, detritylated in 80% acetic acid according to standard protocols, and desalted using reversed-phase HPLC. The integrity of the oligonucleotides was confirmed by MALDI-TOF mass spectrometry.
Laser Flash Photolysis-The transient absorption spectra and kinetics of free radical reactions were monitored directly using a fully computerized kinetic spectrometer system (ϳ7 ns response time) described elsewhere (16) . Briefly, 308 nm nanosecond XeCl excimer laser pulses were used to photolyse the sample solutions (0.25 ml) of the oligonucleotides saturated with molecular oxygen. The transient absorbance was probed along a 1-cm optical path by a light beam from a 75-watt xenon arc lamp with its light beam oriented perpendicular to the laser beam. The signal was recorded by a Tektronix TDS 5052 oscilloscope operating in its high resolution mode that typically allows for a suitable signal/noise ratio after a single laser short. The decay of the very long-lived 8-oxoGua radicals (experiments in the presence of Cu,Zn-SOD) was monitored by an HP 84453 diode array spectrophotometer (Hewlett Packard GMBH, Waldbronn, Germany) with a resolution of 0.5 s per point. The second order rate constants of the oxidative reactions initiated by free radicals were typically determined by least squares fits of the appropriate kinetic equations to the transient absorption profiles obtained in five different experiments with five different samples.
HPLC Isolation of Oxidation Products-Stable end products of 8-oxoGua oxidation were isolated employing an analytical (250 ϫ 4.6 mm inside diameter) ACE C18 column (MAC-MOD Analytical, Chadd Ford, PA). An 8 -20% linear gradient of acetonitrile in 50 mM triethylammonium acetate in water (pH 7) was utilized for 60 min at a flow rate of 1 ml/min (detection of products at 260 nm). The HPLC fractions were evaporated under vacuum to remove acetonitrile and were purified by a second HPLC cycle. The oxaluric acid and spiroiminodihydantoin adducts were separated from one another using the adapted protocol from Ref. 18 . Typically, separations were performed employing an analytical (250 ϫ 4 mm inside diameter) DNAPac PA-100 column (Dionex, Sunnyvale, CA), an isocratic mobile phase consisting of solvent A (10% acetonitrile in water) and solvent B (10% acetonitrile in 1.5 M ammonium acetate) in a 45:55 ratio and a flow rate of 1 ml/min. The purified adducts were desalted by reversed-phase HPLC using the following mobile phases: 5 mM triethylammonium acetate (10 min), deionized water (10 min), and an isocratic 50:50 acetonitrile and H 2 O mixture (15 min).
MALDI-TOF/MS Assay-The mass spectra were acquired using a Bruker OmniFLEX instrument. The matrix was a 2:1 mixture of 2Ј,4Ј,6Ј-trihydroxyacetophenone methanol solution (30 mg/ml) and ammonium citrate aqueous solution (100 mg/ml). The aliquots (1-2 l) of the 10 pmol/l desalted samples and the matrix solution were spotted on a MALDI target and air-dried before analysis. The mass spectrometer equipped with a 337-nm nitrogen laser was operated in the negative linear mode (accelerating voltage 19 kV, extraction voltage 92.7% of the accelerating voltage, ion focus 9 kV, and delay time 250 ns). Each spectrum was obtained with an average of 50 -100 laser shots. The mass spectra were internally calibrated by using synthetic oligonucleotides of known molecular weights.
RESULTS
In this work we explore the oxidative transformations of 8-oxoGua that are initiated by a one-electron oxidation mechanism. The decay of 8-oxoGua ⅐ ϩ /8-oxoGua(-H) ⅐ radicals was monitored by laser kinetic spectroscopy methods, whereas the end products were isolated by HPLC and identified by MALDI-TOF/MS techniques. Experiments were performed with the oligonucleotides, 
The melting temperatures of these duplexes were 44.0 Ϯ 0.7°C (1) and 24.0 Ϯ 1.0°C (2) in 5 mM phosphate buffer solution (pH 7.5) containing 100 mM NaCl. The duplex 2 rather than duplex 1 was utilized in most experiments because the shorter complementary strand in 2 facilitated the separation of the two strands by reversed-phase HPLC methods. The reaction kinetics of duplex 2 was studied at 9°C to prevent the dissociation of the two strands. The full duplex 1 was utilized as a control to verify that the reaction kinetics of the radicals was not affected significantly by the less than full-length complementary strand in duplex 2. Experiments with singlestranded oligonucleotides and duplex 1 were performed at room temperature (23 Ϯ 2°C). C-TACC) sequence in either single-or double-stranded forms in oxygen-saturated buffer solutions (pH 7.5) with intense 308 nm excimer laser pulses induces a selective ionization of the 2AP residues (Fig. 1) . The laser flash photolysis experiments showed that in agreement with previous observations (8) the hydrated electrons formed by the photoionization of 2AP are scavenged by molecular oxygen, resulting in the formation of superoxide radicals. Furthermore, the oxidation of 8-oxoGua residues by 2AP radicals is complete within ϳ100 s. Correspondingly, the transient absorption spectra recorded on a millisecond time scale at room temperature ( Fig. 2) exhibit the narrow absorption band near 325 nm that is characteristic of the spectrum of the 8-oxoGua radical (5, 6, 8) . The radical species observed cannot be unambiguously assigned either to the radical cation or to the neutral radical form because the transient absorption spectra of these two species are very close to one another (5, 6, 8) . If we make the assumption that the acid/base properties of the 8-oxoGua radicals in DNA are close to those of the free base radicals, 8-oxodGuo(-H) ⅐ /8-oxodGuo ⅐ ϩ , the rate constant of the radical cation deprotonation can be estimated as k Ϫ ϭ k ϩ K a , where K a is the dissociation constant and k ϩ is the rate constant of radical protonation (ϳ2 ϫ 10
Monitoring 8-OxoGua(-H) ⅐ Radicals by Transient Absorption Methods-Photoexcitation of the 5Ј-d(CC[2AP]TC
Using the pK a value of 6.6 for 8-oxodGuo ⅐ ϩ (5), the characteristic time of the deprotonation of the radical cation is Ϫ ϭ 1/k Ϫ ϭ 0.2 ms. Furthermore, recent pulse radiolysis experiments have shown that the deprotonation rate of G ⅐ ϩ radical cations in double-stranded DNA is extremely fast (ϳ300 ns, Ref. 20) . Therefore, the deprotonation of the 8-oxoGua radical cations is most likely complete by the time the recording of the transient absorption spectra was started 0.6 ms after photoexcitation (Fig. 2) . Based on these considerations, we conclude that the spectra recorded at pH 7.5 ( Fig. 2) are predominantly caused by the neutral radical form, 8-oxoGua(-H) ⅐ . The absorption band of the O 2 . radicals at 250 nm (21) overlaps with the strong absorption of DNA at 260 nm and thus cannot be directly observed in these experiments. Amplitudes of the 8-oxoGua(-H) ⅐ signals in the duplex 1 were much lower than those in the single strand (Fig. 2) . This difference in the signal amplitudes is in agreement with a lower efficiency of two-photon photoionization of 2AP in the doublestranded than in the single-stranded DNA (8, 16, 17) . A decrease in temperature does not result in any observable effects on 8-oxoGua(-H) ⅐ formation in both the single-and doublestranded oligonucleotides because the initial absorption amplitudes at 325 nm recorded at 9°C were close to those measured at room temperature. At 9°C, the signals of 8-oxoGua(-H) ⅐ in duplex 1 with the normal complementary strand were close to those in duplex 2 with the shorter complementary strand. This observation is an indication that the dissociation of the duplex 2 is negligible at 9°C because in single-stranded oligonucleotides the photoionization of 2AP is more efficient than in double-stranded sequences (8, 16, 17) . Thus, any dissociation of duplex 2 at 9°C would have resulted in a greater signal at 325 nm than in duplex 1.
Kinetics of Radical Combination; Effect of Superoxide Dismutase-The gradual decay of the 8-oxoGua(-H) ⅐ absorption band (Fig. 3) occurring on a millisecond time scale was assigned to the combination reaction of the 8-oxoGua(-H) ⅐ and superoxide radicals (Reaction 1, Table I ). A typical kinetic profile of the 8-oxoGua(-H) ⅐ decay recorded at 325 nm in the single-stranded Fig. 3A ; the kinetic traces of the 8-oxoGua(-H) ⅐ decay in duplex 1 were similar (data not shown). The kinetic profiles of the transient absorbance (A t ) as a function of time were described by the following equation, obtained by integrating the differential equation for the second order kinetics,
where A 0 is the absorbance just after the actinic laser flash, A ϱ is the final absorbance, and ⑀ R is the extinction coefficient of the 8-oxoGua radicals at 325 nm. Ϫ1 cm Ϫ1 for the free nucleoside radicals, 8-oxodGuo(-H) ⅐ , and the radical cation 8-oxodGuo ⅐ ϩ , respectively, that were determined experimentally (5). The contributions of the radical cation and neutral forms at pH 6.0 (80/20%) and pH 7.5 (10/90%) were estimated from the pK a value of 6.6 of the 8-oxodGuo ⅐ ϩ radical cation (5) . Note that dismutation of superoxide (Reaction 2) is relatively slow (21) and thus cannot compete effectively with the combination reaction (Table I ). The obtained value of k 1 at pH 6.0 is larger by a factor of ϳ1.5 than at pH 7.5. The smaller value at pH 7.5 correlates with the deprotonation of 8-oxodGua ⅐ ϩ , and the formation of the neutral 8-oxoGua(-H) ⅐ radicals that reacts more slowly with O 2 . than the radical cation. In duplex 1 and in the single-stranded form, the combination of 8-oxoGua(-H) ⅐ and O 2 . radicals occurs with similar rates (Table I ). Here, k 1 was determined with a lower accuracy than in the case of the single strand, because the transient absorption signals are smaller in the duplex form. Nevertheless, these measurements indicate that the DNA secondary structure exerts a rather small effect on the combination rates. The values of k 1 (Table I) were calculated directly only from the decay kinetics of 8-oxoGua(-H) ⅐ recorded at 325 nm (Fig.  3A) because the strong UV absorption of DNA does not allow for a direct observation of the decay kinetics of superoxide radicals that have an absorption band near 250 nm (21) . To obtain additional evidence that the O 2 . radical is a principal reaction partner of the 8-oxoGua(-H) ⅐ radical, the kinetics of decay of 8-oxoGua(-H) ⅐ were recorded in the presence of Cu,Znsuperoxide dismutase that rapidly reacts with the superoxide radicals (Reaction 3). The addition of Cu,Zn-SOD at micromolar concentrations exerts a pronounced effect on the kinetics of (Fig. 3A) , and decay on a time scale of seconds ( Fig. 3B) with a characteristic decay time of 3-5 s. In the case of duplex 1, the effect of Cu,Zn-SOD is very similar (data not shown), and at a 5 M Cu,Zn-SOD concentration the lifetime of the 8-oxoGua(-H) ⅐ radicals approaches 15-20 s at ambient temperature. However, because of a lower efficiency of radical formation, the lifetime of the 8-oxoGua(-H) ⅐ radicals in duplex 1 was determined with a lower accuracy than in the case of the single strand. One of the possible pathways of the 8-oxo-G(-H) ⅐ decay in the presence of micromolar concentrations of Cu,Zn-SOD is the reaction of G(-H) ⅐ with molecular oxygen. However, a decrease in O 2 concentrations from 1.3 mM in oxygen-saturated solutions to 0.27 mM in air-saturated solution did not result in any measurable effect on the lifetimes of the 8-oxo-G(-H) ⅐ radicals in both the single-stranded form (3-5 s) and the duplex (15-20 s) . These experiments yield an upper limit of Ͻ 10 with 308 nm laser pulses in oxygen-saturated buffer solutions (pH 7.5) were separated by reversed-phase HPLC methods (Fig. 4A) . The unmodified oligonucleotide elutes at 18.0 min, and a prominent reaction product eluting as a narrow peak is observed at 14.0 min. The MALDI-TOF mass spectrum of the 14.0 min fraction recorded in the negative mode (Fig. 5A ) exhibits a major signal at m/z 3240.2 (M Ϫ 12), whereas the unmodified sequence shows a signal at m/z 3252.2 (M). The oxidized oligonucleotide has a mass of M Ϫ 12 that characterizes the dehydroguanidinohydantoin product of 8-oxoGua oxidation (22) . It has been shown that incubating the Gh ox solutions in the dark at room temperature at pH 7 results in a complete hydrolysis of these lesions with the concomitant formation of the oxaluric acid lesions resulting in a change of mass from M Ϫ 12 to M Ϫ 35 (22) . Therefore, to establish the identity of the product eluting at 14.0 min, it was re-purified by a second HPLC cycle and incubated for 48 h in the dark at pH 7. In agreement with previous observations (22) , the product resulting from this incubation is the oligonucleotide with m/z 3217.3 (Fig. 5B) , which is consistent with the transformation of the Gh ox lesion to a more stable Oa residue with a mass of M Ϫ
Thus we conclude that the product of the oxidation of 8-oxoGua in the oligonucleotide 5Ј-d(CC[2AP]TC[8-oxoGua]-CTACC) is the dehydroguanidinohydantoin lesion.
The damage of the 8-oxoGua residues in the double-stranded form was explored using the duplex 2 with the short comple- (Fig. 4B) . To prevent the dissociation of the double-stranded form during the laser irradiation, the sample solutions of the duplex 2 were photoirradiated at 9°C. Typical HPLC elution profiles obtained after a 10-s laser excitation period of duplex 2 in oxygen-saturated buffer solution (pH 7.5) exhibit three peaks (Fig. 4B ). The complementary 6-mer strand and the unmodified 11-mer oligonucleotide elute at 9.5 and 18.0 min, respectively, and the third fraction with Gh ox substituting for 8-oxoGua in the 11-mer elutes at 14. Yield of the Gh ox Lesions-The dynamics of oxidative damage initiated by intense 308 nm laser pulse excitation were studied at 9°C. At this temperature, the dissociation of duplex 2 is negligible, and the dynamics of Gh ox formation can be compared with that in the single-stranded sequence. It is shown in Fig. 6 that the yield of Gh ox (expressed as a percentage of the initial oligonucleotide starting concentration) increases as a function of irradiation time. In the single-stranded sequence, the yields of Gh ox attain maximum levels of ϳ30 -35% (similar to those observed at room temperature) after a 8-to 10-s exposure of the solution to the 10 pulse/s laser pulse train. Further, prolonged irradiation periods (data not shown) do not lead to increased Gh ox yields beyond those shown, suggesting that chemical degradation of these lesions is occurring during the irradiation. In the case of duplex 2, the observations are similar except that the build-up of the Gh ox yields is slower (Fig. 6) . This is in agreement with the lower efficiency of twophoton photoionization of 2AP in double-stranded DNA that . radicals as well, in double-stranded DNA.
The combination reaction of 8-oxoGua(-H) ⅐ with O 2 . radicals can yield hydroperoxide intermediates that can react further to generate products (see below). Alternatively, the original 8-oxoGua residue can be regenerated via electron transfer from O 2 . to 8-oxoGua(-H) ⅐ with the regeneration of O 2 and recapture of a proton by 8-oxoGua(-H)Ϫ. For these reasons alone the yields of products based on the overall yield of radicals produced in a given experiment during the irradiation and measured just after its cessation, [8-oxoGua(-H) ⅐ ] 0 , is expected to be lower than the stoichiometric yield. The efficiency of product formation (neglecting the formation of minor, unidentified products) can be estimated from the following,
where [Gh ox ] t is the concentration of the lesion after an irradiation time interval t, and f is the laser pulse frequency (10 Hz). The average ␥ 0 value of 25 Ϯ 5% was estimated from the Gh ox yields extrapolating ␥ t to time ϭ 0. Effect of Cu,Zn-SOD on Oxidation Products-Transient absorption measurements indicate that the principal reaction targets of the superoxide radical produced by the scavenging of hydrated electrons by molecular oxygen (Table I, Reaction 4) are the 8-oxoGua(-H) ⅐ radicals (Reaction 1). The major oxidation product isolated under these conditions is the Gh ox adduct (Figs. 4 and 5) . However, in biological systems superoxide radicals are catalytically deactivated by superoxide dismutases (9 -11) . Therefore, the fates of the 8-oxoGua(-H) ⅐ decay in the absence of superoxide radicals can lead to a better understanding of the potential reaction pathways of these radicals in vivo at low concentrations of superoxide anions. The 5Ј-CC[2AP]-TC[8-oxoGua]CTACC samples in air-equilibrated buffer solutions (pH 7.5) containing Cu,Zn-SOD were excited with 308-nm laser pulses, and the oxidation end products were separated by reversed-phase HPLC methods. Fig. 7 shows that addition of 5 M Cu,Zn-SOD leads to a dramatic reduction in the levels of Gh ox that elutes at 14.0 min (B). Instead, a different and prominent reaction product appears that elutes at 16.7 min (A). The broad fraction eluting at 13.0 -17.5 min containing this major product, eluting at 16.7 min (Fig. 7A) , was collected and stored at room temperature until a complete hydrolysis of the Gh ox residues to the Oa lesions had occurred. The anion exchange HPLC analysis of this fraction reveals two prominent products eluting at 10.5 and 13.6 min and a minor product eluting at 7.6 min (Fig. 7C) . The MALDI-TOF mass spectra of the 10.5-and 13.6-min fractions recorded in the negative mode exhibit the same signal at m/z 3268.3 (data not shown) that correspond to a mass of M ϩ 16. This mass is characteristic of the diastereomeric spiroiminodihydantoin adducts (4, 18, 23, 24) . The minor product eluting at 7.6 min was identified as the Oa adduct with m/z 3217.3 (M Ϫ 35). The identities of the Sp and Oa adducts generated in the presence of Cu,Zn-SOD were confirmed by co-elution with the authentic Sp oligonucleotides synthesized as described before (25) and the Oa adduct prepared in the absence of Cu,Zn-SOD. In the control experiment (no Cu,Zn-SOD) the anion-exchange HPLC analysis of the 13.0-to 17.5-min fraction (Fig. 7B ) reveals that oxaluric acid (7.6 min) is the major product and that the two minor fractions eluting at 10.5 and 13.6 min contain the diastereomeric Sp adducts (Fig. 7D) . The results of these experiments are summarized in Fig. 8 . In the absence of Cu,Zn-SOD the major product of the combination of the 8-oxoGua(-H) ⅐ and O 2 . radi- cals are the Gh ox adducts (determined in the form of the Oa adducts) formed with a yield of 21.5%. The diastereomeric Sp adducts are the minor products, and their yield is 2.1%. Addition of 5 M Cu,Zn-SOD exerts a dramatic effect on the yields of the end products. In the presence of Cu,Zn-SOD the Sp adducts become the major product formed with the yield of ϳ16.7%, and the Oa adducts are formed in minor quantities (ϳ2.6%). Thus, the catalytic removal of superoxide radicals with Cu,Zn-SOD changes the fates of the 8-oxoGua(-H) ⅐ radicals embedded in the oligonucleotides. Instead of the Gh ox lesions (or Oa lesions) formed in the presence of O 2 . radicals, the diastereomeric Sp adducts were detected as the major end products of the 8-oxoGua(-H) ⅐ decay.
DISCUSSION

Kinetics and End Products of Combination Reaction-
The direct spectroscopic time resolved measurements described here demonstrate that in single-and double-stranded oligonucleotides, the combination reaction of 8-oxoGua(-H) ⅐ with superoxide radicals leads to a rapid decay of the 8-oxoGua(-H) ⅐ radicals (Table I ). Under our experimental conditions, only the 8-oxoGua residues initially oxidized by 2AP radicals in a single electron transfer step (Fig. 1) are subsequently transformed to the dehydroguanidinohydantoin derivative. The formation of Gh ox lesion is characterized by a low efficiency (25 Ϯ 5%) that suggests an efficient regeneration of 8-oxoGua and O 2 molecules from the combination reaction 8-oxoGua(-H) ⅐ with O 2 . .
These observations can be explained in terms of a competition of two basic processes: (i) radical-radical addition followed by the formation of chemical reaction end products, and (ii) bimolecular electron transfer reaction between O 2 . and 8-oxoGua-(-H) ⅐ with the regeneration of 8-oxoGua and O 2 molecules. In previous work we proposed a similar mechanism for the combination of G(-H) ⅐ and superoxide radicals (14) . That reaction is characterized by rate constants that are greater by factor of ϳ3 (Table I, reaction is reasonable. Competition between the electron transfer and radical-radical addition reaction leading to products has been proposed earlier for the reactions of the superoxide anion with 15 different phenoxyl radicals (26) . In these reactions decreasing the end product yield correlates with growth of the reduction potential of the phenoxyl radical. Reversed-phase HPLC and MALDI-TOF analysis showed that the major end product of the 8-oxoGua(-H) ⅐ and O 2 . radical addition reaction in both single-and double-stranded oligonucleotides is dehydroguanidinohydantoin (Figs. 4, and 5A ) that slowly hydrolyzes to oxaluric acid residues (Fig. 5B ). Cadet and co-workers showed that the Gh ox lesions are the major end products of 8-oxoGua oxidation in single-stranded oligonucleotides photosensitized by methylene blue (22) . The formation of the Oa adducts together with other oxidation products has been observed by Tannenbaum and co-workers (27) in the peroxynitrite-mediated oxidation of 8-oxoGua embedded in oligonucleotides. In contrast, the oxidation of 8-oxoGua by metal complexes, such as IrCl 6 4Ϫ and Cr(IV), generates a mixture of guanidinohydantoin and spiroiminodihydantoin lesions (18, 28, 29) that are formally the products of two-electron oxidations of 8-oxoGua residues. Cadet and co-workers proposed that the Gh ox lesions are formed via the 5-HOO-8-oxoGua(-H) hydroperoxide intermediates (22) . Here, formation of 5-HOO-8-oxoGua(-H) can occur by the addition of O 2 . radical to the C5 position of the 8-oxoGua(-H) ⅐ radical followed by a rapid protonation of the peroxide anion (Fig. 9A) . Typically, hydroperoxides generated in the course of oxidative degradation of 8-oxoGua residues are very unstable at room temperature (30) . According to the mechanism proposed by Cadet and co-workers Combination of Superoxide and 8-OxoGua Radicals in DNA (22) , the cleavage of 5-HOO-8-oxoGua(-H) occurs via the opening of the pyrimidine ring at the C5-C6 bond in 5-HOO-8-oxoGua(-H) leading to an unstable intermediate that is easily decomposed with the release of CO 2 and formation of Gh ox . Biological Implications-8-OxoGua lesions are ubiquitous in cellular DNA (1) . Because of a great difference in the midpoint oxidation potentials of 8-oxodGuo (E 7 ϭ 0.74 V versus NHE (5)) and 2Ј-deoxyguanosine (E 7 ϭ 1.29 V versus NHE (7)) further selective one-electron oxidation of 8-oxoGua lesions is feasible even in the presence of an excess of guanines. Pulse radiolysis studies have shown that one-electron oxidants such as tyrosyl (E 7 ϭ 0.94 V versus NHE (31)) and tryptophyl (E 7 ϭ 1.03 V versus NHE (32)) radicals can oxidize 8-oxodGuo (5). Our own laser flash photolysis experiments (6) demonstrated that nitrogen dioxide radicals (E o ϭ 1.04 V versus NHE (33)) oxidize 8-oxodGuo and did not show observable reactivities with any of the normal nucleobases in DNA (G, A, C, and T). Hence, mild one-electron oxidants with reduction potentials between 0.74 and 1.29 V versus NHE can serve as potential selective oxidants of 8-oxoGua lesions in biological systems. However, further studies are required to explore which oxidants might be responsible for the oxidation of 8-oxoGua in vivo.
The 8-oxoGua(-H) ⅐ radicals derived from the selective oneelectron oxidation of the 8-oxoGua in DNA have lifetimes in the time domain of seconds even in oxygen-saturated solutions. However, 8-oxoGua(-H) ⅐ radicals react rapidly with superoxide radicals. In the absence of superoxide radicals (e.g. in the presence of Cu,Zn-SOD), the major products of the 8-oxoGua-(-H) ⅐ decay are the diastereomeric Sp lesions (Figs. 7 and 8) . The possible sequence of events leading to the Sp lesions can include nucleophilic interaction of 8-oxoGua(-H) ⅐ radicals with water (Fig. 9B) . The 5-HO-8-oxoGua ⅐ radicals formed in this reaction are expected to be reducing as are the 8 -HO-2Ј-deoxyguanosine ⅐ radicals (34) . The latter radicals generated by the addition of hydroxyl radicals to 2Ј-deoxyguanosine are easily oxidized by weak oxidants such as methylviologen, Fe(CN) 6 3Ϫ , oxygen (35) , and benzoquinone (36) resulting potentially in the formation of 8-oxodGuo. Further oxidation of 5-HO-8-oxoGua ⅐ radicals can give the unstable 5-HO-8-oxoGua(-H) adduct that decomposes with the formation of the spiroiminodihydantoin and guanidinohydantoin (Gh) lesions (18, 28, 29) . Tannenbaum et al. proposed that the partitioning of 5-HO-8-oxoGua(-H) into either Sp or Gh is determined by different reactivities of the deprotonated and protonated forms of this adduct (pK a ϳ 5.8) (37) . Decreasing the pH (Ͻ5.8) favors pyrimidine ring opening followed by the formation of the Gh lesions; in contrast, the acyl shift leading to the Sp lesions dominates at pH Ͼ 5.8. Thus, in vivo, one-electron oxidation of 8-oxoGua lesions can trigger generation of the Sp/Gh lesions because their formation does not require a combination of two radicals.
If superoxide radicals are overproduced in the course of oxidative stress, the Gh ox lesions can become an important product of the 8-oxoGua oxidation. The Gh ox lesions are unstable and even at physiological conditions undergo hydrolysis with formation of more stable oxaluric acid residues (Fig. 5 ) as reported previously (22) . Cadet and co-workers have studied the mutagenic potential of the oxaluric acid adducts in vitro (38) . Nucleotide insertion opposite oxaluric acid, catalyzed by Klenow fragment exo Ϫ and Taq polymerase indicates that oxaluric acid can induce G 3 T and G 3 C transversions. In contrast, oxaluric acid represents a block to primer extension in the case of DNA polymerase ␤. It has been shown that the base excision repair enzymes formamidopyrimidine DNA N-glycosylase (Fpg) and endonuclease III efficient can efficiently excise oxaluric acid lesions in double-stranded DNA (38) .
